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prediction of deviation from desired geometry.
This information is of significant interest when
looking at the issue of fitup for assembly. Proper
process investigation can significantly reduce the
fitup effort. Also. the evaluation of sensitivity
functions allows the designer to “discover”
trade offs in the process, and use them to ad-
vantage. These sensitivity functions can also be
used to minimize forming error, as they would fa-
cilitate a choice of process operating point that is
less sensitive to parameter variations such as
changes in material properties.

PROCESS MODELS

In describing the modeling aspects of this
work, it is essential to make the semantic distinc-
tion between the terms “process model” and “pro-
cess simulation”. In describing a process model,
one generally refers to an analytical tool devel-
oped from first principles that allows for the
prediction of process output characteristics for a
given set of input parameters. In this case, a
model accurately predicts the geometry and state
of stress of a bent plate, for a given set of inputs
(machine geometry and material properties). One
can incorporate the model into a process simula-
tion by looking at the actual steps involved in
“using” the process at the shop floor level. Here,
one would examine the sequence of steps in-
volved in bending a plate to a desired radius.
This could. for example, involve an operator con-
trol algorithm (bend, measure, rebend) or an
adaptive control scheme (bend, measure, then use
this information to more accurately predict per-
formance by re-estimating material parameter
values). Also, one could apply the model to a
closed loop, real time control scheme such as dis-
cussed in Hardt and Chen [4] Thus, the simula-
tion program incorporates a process model. and a
measurement model into a parent program which
follows a particular control algorithm.

The sequential bending and roll forming
models have been designed so as to permit a “non-
zero” initial geometry and state of stress for the
plate being bent. This feature allowed for the de-
velopment of a plate bending simulation which
makes use of these fundamental forming models.
This simulation is of significant value to the in-
vestigative designer.

User-interface programming has been added
to the simulation, to permit the easy modification
of model input variables, and a clear display of
graphic data. This interface was written so as to
be model independent making it flexible for fu-
ture use. The graphics facilities have been imple-
mented on a DEC Vax Station 3200 in the
Ultrix/X-Windows environment, with all pro-
grams written in “C”. Figure 2 illustrates the
overall arrangement of the process model in an
integrated process simulation program, and Fig-
ure 3 shows the basic display screen available on
the engineering workstation.

SEQUENTIAL BENDING MODEL

The process of plate bending to achieve a
circular hull section involves creating a series of
overlapping plastic deformation zones to achieve
an acceptable average curvature. However. un-
like roll bending, this process will not produce a
uniform curvature with arc length, but will in-
stead result in a periodic variation in curvature
about an average value. The following model has
been developed to allow a process designer to ex-
amine the effect of machine geometry. bend line
spacing and punch penetration on both the aver-
age and continuous curvature distribution along
the arc length of the part. To assess the amount
of yard-level control that will be necessary to
achieve tolerance on a part (or alternatively the
achievability of a part tolerance) the model is
used as well to calculate local gradient in outputs
with respect to process parameters of material
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The geometry of the bending process is
simple three point beam bending as shown in Fig-
ure 4. As the punch penetrates into the work-
piece, the maximum bending moment (under the
punch) increases. If a linear moment distribution
with arc-length is assumed (as done is all similar
bending analyses [5,6,7]), then a corresponding
loaded curvature distribution can be found given
the basic constiutive relationship for the
material, which for bending is the Moment-
Curvature relationship. (Note that the latter is
typically derived from stress-strain information
assuming simple beam theory and pure moment
bending. Although the influence of large deflec-
tions and transverse shear is important, it is as-
sumed herein that such effects are of second or-
der to this analysis.)

IECE

The bending model used here starts with a
given machine geometry (die half-width a) and
material properties (based on a linear strain hard-

and yield stress try). and is

The maximum moment Mmax is then matched to
YP by an iterative series of calculations that in-
tegrates the curvature to find the center point
deflection. Given Mmax and the resulting lincar
moment distribution across the plate: M(s). the M-
K relationship can be applied to find the cor-
responding loaded curvature Kl(s). Finally. the
unloaded curvature distribution, Ku(s) is found
by applying an elastic moment of equal and oppo-
site magnitude to the original load to account of
the elastic springback. Thus we obtain:

The key output of the model at this stage is.
therefore, the curvature distribution Ku(s) that
results from a single bend. A typical result is
shown in Figure 5, where the effect of springback
is evidenced by the lack of permanent curvature
change at the periphery of the die region. Also
shown in the figure is the superposition of a se-
quence of identical bends to produce the desired
average curvature. However, this figure does not
accurately represent the process of deformation
overlap that is the heart of sequential bending.

To appreciate this effect, consider the prob-
lem of the first few bends of a flat plate. After
the first bend, the plate now has some initial cur-
vature (see Figure 6). When it is incremented
along the line of curvature, and the next punch
penetration occurs, two important changes have
occurred. First, much of the material that will
be plastically deformed was also deformed on the
previous step, and has potentially undergone
strain hardening and certainly contains residual
stresses. More importantly, the point of contact
of the punch on the plate is lower than for a flat
plate, and since the process is controlled on the
basis of absolute punch position, this means a les-
ser effective penetration for a pre-formed piece
than for a flat sheet.

Such effects must be included to properly
simulate this process, as the curvature distribu-
tion of Figure 7 illustrates. Here a fixed punch
penetration has been used for successive bends.
The above effect is immediately obvious the
first “bump” is of high magnitude (since the plate
was flat) and the next bump is smaller owing to
less “effective” penetration. Then a steady-state is
reached as each sequence leads to a consistent ini-
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Figure 6: Effect of Prebend

tial geometry.

As currently implemented, the model ac-
cepts a punch penetration and a bend spacing as
inputs, the pre-bend plate curvature and residual
stress state as in-process inputs and produces out-
puts of curvature distribution, K(s), part geom-

parameters include the plate properties (modulus,
yield point, thickness, and strain hardening
properties). This model structure is shown in
Figure 8.

The analytical details of the model and its
solution details arc found in [8]. However, the
basic structure of the solution is shown in Figure
9, where the multiple iterative solutions are
shown. These arc necessitated by the in-
determinate nature of the punch penetration -
plate curvature relationship.

Figure 8: Bending Model Structure

I I 4

Figure 9: Bump Forming Model
Flowchart

A typical set of results from the model is
shown in Figure 10. Here, a sequence of 5 bends
spaced 1 inch apart on 1/4 inch HY 80 is simu-
lated. The punch penetration is fixed at 025 in-
ches, and is kept constant. Thus, following the
above definitions, this is a use of a model rather
than a simulation since the latter would vary pene-
tration to achieve a desired curvature. Figure 11
shows the net effect of all five bends in Cartesian
coordinates.

Finally, the model is used to generate
sensitivity functions that will be used to aid a
designer in choosing operating points for the pro-
cess that minimize output variations. The itera-
tive calculations preclude analytical gradients.
and thus local gradients must be explicitly calcu-
lated by perturbing the appropriate process pa-
rameter and observing the resulting outputs
change. This must then be repeated for each pa-
rameter and is only valid at a given operating
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point (i.e. machine geometry and desired curva-
ture). The following gradients have been genera-
ted

By far the most sensitive quantities are
those relating to thickness and plastic modulus
(since strain hardening has a strong influence on

Figure 13: Sensitivity to Plastic
Modulus

the size and shape of the plastic zone during
bending). Figure 12 shows typical functions for
circularity and Kave. thickness variations, as a
function of punch penetration. This figure indi-
cates,forexample, that when thickness variations
are significant (as they canbe with thick plate),
there is an optimal punch depth/bend spacing
(which is related to punch depth for a given
radius) that minimizes both average curvature
circularity errors.

Figure 13 illustrates the effect of changes in 
plastic modulus of the material on the radial or
circularity error. This measures the effect of
changes in the work hardening of the material on
the resulting variation in curvature. Notice again
the strong dependence on the operating point
(punch penetration), which in this case favors the
choice of a shallow punch penetration.

The model presented here for sequential
bending can be used for several purposes. One
use demonstrated here is to study process
sensitivity to parameter variations. This can in
turn be used to develop a statistical picture of the 
expected variation of the process outputs. For ex-
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ample, the parameters can be described by prob-
ability distributions and these in turn can be
propagated through the model using the
sensitivity gradients to develop a measure of the
output’s  variance.

As previously discussed, this model can be
incorporated into a process simulation. which fa-
cilitates broader exploration of the process. By
evaluating the results of simulated process steps,
the designer can obtain information about pro-
cess behavior in general, and particularly about
the tradeoffs which are involved in process op-
timization.

EXPERIMENTAL VERIFICATION

The sequential bending experiments were
performed on a Cincinnati Inc. 90-ton pressbrake.
A positive stop system was added to the machine
to permit exact control of punch penetration.
The workplaces used were 6 x 21 x l/4 inch thick
HY80 high strength steel. The objective of the
experiments was to bend several pieces to a
radius of 18 inches, with a 30 degree arc of ap-
proximately constant radius. It should be noted
that this radius measurement refers to the radius
of the bent plate, measured by a template,
without taking the “head" and “tail” of the piece
into account. Figure 14 illustrates the die and
workpiece used in this experiment, and the steps
involved in bending a plate.

In bending the plates, an “operator control
algorithm” was used. Specifically. a given piece
was first bent using a fixed punch penetration
over a sequence of evenly space bends. The
punch penetration was then incremented for the
next bend. The amount of penetration change
was chosen intuitively, by the "operator" with the
intention of “sneaking up” on the desired radius
without overbending. During each experiment
the bump spacing and sequence of punch penetra-
tion values were recorded. Measurement of each
radius was done using radius templates.

To verify the model, the exact sequence fol-
lowed in each experiment was simulated. This in-
volved starting with material properties values
gleaned from a series of tensile tests performed
on the same material, and applying exact
measured values of plate thickness, initial geom-
etry and machine geometry to the computer
model. After each simulated bend, a measure-
ment program was used to fit a circle to the
plate’s geometric data. This radius was then com-
pared to the measured intermediate and final
radii found experimentally. For each bend. the
previously calculated state of geometry was used
as an initial description of the plate.

This sequence of steps was carried out for
three pieces. In each case. the punch penetration
sequence was varied, so as to investigate the ef-
fects of changing the bending history of the plate.
Tables I through IV describe the data obtained
for this sequence of three confirmation experi-
ments. From Table II it is apparent that the
model, as initially calibrated. did not provide ac-
curate predictions of the forming tests. However,
as is implied by Table III, this discrepancy was
overcome by modifying the initial calibration
data, specifically the material properties of yield
and strain hardening. These are, as expected. the
most indeterminate of the process parameters.
and such variations can be expected. Comparing

Figure 15: Roll Bending Geometry
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ROLL BENDING MODEL

The objective of this model is to relate the
process input (the roll diameters, spacing and cen-
ter roll displacement) to the desired outputs of
plate radius and residual stresses. In addition, the
model will provide sensitivity functions for these
outputs with respect to material property and ge-
ometry variations.

The basic geometry of the process is shown
in Figure 15. The model employed here is based
on one developed by Hansen et al. [7]. Only the
basic form of the model is presented here. The
basic calculations follow much of what is de-
scribed above, except that the shape of the plate
is different between in-coming and outgoing
sides. While the same triangular moment distri-
bution applies here, the incoming material sees
this as a loading moment, thus the loading por-
tion of the M-K relationship is applied to find
K1(s). However, once the material passes the cen- 
ter roll, it is unloading, and the M-K relationship
becomes linear. Thus, a non-symmetric K1(s) Will
result. This greatly complicates the calculation of
the center roll penetration since this is found by
integrating plate curvature to find plate contour.
As a result, the execution of the model requires
iterative calculations that seek to match roll pen-
etration, boundary conditions and plate shape.

Tables II and IV, it can be seen that this re-
estimation of these material parameters results in
much improved model predictions. Also, it is sig-
nificant to note that the model successfully
predicts the radius of the plates for three dif-
ferent bending histories The first plate was bent
much more gradually than plates 2 and 3, how-
ever good agreement between the model
predictions and the experimental results can be
seen in Table IV for all 3 plates. This is due to
the fact that this process model takes the “initial”
geometry of the plate into account before run-
ning each iteration of the simulation.

It is readily apparent that by modifying the
initial values of material parameters slightly,
agreement between the model and the experi-
mental data was obtained. A primary source of

As opposed to bending, rolling does not
have the process “freedom” to modify input. since
there is only one: the center roll displacement.
However, the model does allow one to examine
the effect of process uncertainty and to explore
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the effects of machine geometry (i.e. roll spacing
and radius). Since the roll bending process does
indeed ensure circular parts, the main use of the
model at this point is to generate sensitivity func-
tions so that process optimization studies and
statistics propagation can be performed. For ex-
ample. the effect of thickness on center roll dis-
placement can be seen by the data in Figure 16.
Clearly. variations in material thickness will
cause significant errors if the roll displacement is
not corrected.

This process model, like the bending model,
can be incorporated into a process simulation
scheme. The graphics and user interface features
(Ultrix / X-Windows based) which have been de-
veloped can be used with either process model.
This approach also supports the implementation
of control algorithm and measurement programs
for the simulation of various fabrication methods.

CONCLUSIONS

Design oriented process simulations can pro-
vide a wealth of information. It is constructive
and useful to provide the ship designer with tools
that permit the investigation of process oriented
questions through accurate simulation. The
prototype presented here, for the investigation of
the sequential plate bending and roll forming
processes, is an example of such a “designer-
focused tool. The implementation of such tools
in ship design stage would result in a better pro-
duct, since fabrication considerations could then
be evaluated by the designer in a simple yet
thorough manner.
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